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Abstract 8 
The properties of polymeric membranes and measurements of gas concentrations are common 9 
elements of industrial processes and scientific research. Here we report a methodology whereby 10 
pressure measurements inside a closed polymeric membrane tube can be quantitatively related 11 
to the composition of the external gas. This approach is founded on the different rates at which 12 
the gases permeate into and out of the interior of the polymeric tube. The difference between 13 
the amounts of gas entering and leaving the tube triggers a pressure transient. The features of 14 
this transient depend on the species of the involved gases and their partial pressures and under 15 
certain conditions, allow the concentration of one or more species to be estimated. We outline 16 
the theoretical principles behind the proposed methodology and conduct laboratory tests on a 17 
device that could be adaptable to continuous measurements of CO2 partial pressure in field 18 
applications.  19 
 20 
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1. Introduction 25 
Measurements of gas concentration are useful in industrial applications and many fields 26 
of science, including geochemistry, oceanography, and volcano monitoring, [e.g., D’Alessandro 27 
et al., 1997 and  Beaubien et al., 2003; Capasso et al., 2005; Lupton et al., 2006; Shinohara et 28 
al., 2008; Fischer, et al., 2009]. Many measurement methods employ polymeric membranes 29 
[Kana et al., 1994; Takahata et al., 1997; Tortell, 2005], generally requiring an instrument that 30 
records an electrical current or voltage proportional to the amount of gas molecules, which are 31 
selected or separated from a gas mixture using devices such as vacuum pumps, electromagnets, 32 
and chromatograph columns. In almost all such devices, the gas mixture is introduced inside the 33 
instrument, making it vulnerable to damage by corrosive gas species or liquid water; 34 
consequently, these instruments can be used, with difficulty, in environments in which sulphur 35 
or acid species are present or in which powerful vapour fluxes and steam condensation 36 
phenomena occur. Unfortunately, such environments are commonly those that promote the 37 
discharge of fluids from natural systems, making them the best sites at which to conduct 38 
measurements as part of environmental surveillance programs. These extreme conditions can be 39 
encountered in fumarole fields of active volcano. The employ of common insitu instruments 40 
(e.g. infrared spectrophotometer and gas chromatograph), in these areas, requests the use of 41 
complex apparatus in order to preserve the instruments from vapour and corrosive gases. 42 
Further, technical problems can occurred, regarding: the power supply; the stability of optical 43 
sensor; the block of gas pipe for sulphur deposition [Faber et al., 2003] or block of the valves 44 
by aerosols of sublimates precipitation [Zimmer et al., 2003]. 45 
The method, presented in this paper, measures gas concentrations using only a pressure 46 
transducer, which results in low power requirements and a robust instrument easily 47 
transportable. These features confer to the presented method, among the others, the advantage 48 
to be used, without difficulty, in extreme environments. 49 
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2. Theoretical Principles 50 
The proposed methodology is based on gas transport through a polymeric membrane, as 51 
described by the solution–diffusion model [Barrer, 1934; Wijmans and Baker, 1995], according 52 
to which the gas on the high-pressure side of the membrane dissolves into the membrane body 53 
and diffuses toward the low-pressure side, where the gas is finally desorbed. The law governing 54 
the flux through the membrane is 55 
 56 
h
P
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          (1) 57 
 58 
where Ji is the flux, Kp is the permeability coefficient, P is the pressure difference, and h is 59 
membrane thickness. As shown in Equation (1), the amount of permeating gas is proportional to 60 
the pressure gradient across the membrane, and the Kp coefficient. In exchange processes 61 
between gas within a closed tube of polymeric membrane and the external atmosphere, the gas 62 
flux has two principal directions (i.e., inward and outward), in response to the gas partial 63 
pressure difference between the inner of tube and external atmosphere. E.g., if the partial 64 
pressure of a given gas is higher in the atmosphere the gas will move towards the inner of the 65 
tube (inward flux). 66 
For a given membrane, the Kp value of gases shows variations of up to an order of 67 
magnitude [Scholes et al., 2008]. A large difference in Kp value between that for the gas inside 68 
and outside the membrane produces a pronounced disparity between the amount of gas entering 69 
and leaving the tube, resulting in turn in a marked change in the number of molecules in the 70 
headspace of the polymeric tube, and a transient in the internal pressure. 71 
According to Equation (1), the feature of the transient, for a given membrane, depends on the 72 
gas species and their partial pressure.  73 
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3. Results and Discussion 74 
On this basis, we developed a new methodology to determine the gas concentrations by 75 
measuring the temporal variation in total pressure (Pt) within a polymeric tube. We started with 76 
an equation that describes temporal variations in the partial pressure of a single gas [De 77 
Gregorio et al., 2005] 78 
 79 
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where Pi(t) is the partial pressure of the ith gas at time t, Pa is the equilibrium partial pressure of 82 
the ith gas, Pin is the initial partial pressure of the ith gas inside the tube, Kp is the permeation 83 
coefficient, A is the area of the membrane surface, V is the internal volume of the tube, and h is 84 
membrane thickness. As shown in equation (2), the variation in partial pressure of each gas 85 
depends on the initial partial pressure within the tube and the equilibrium partial pressure, 86 
which represents the partial pressure of the gas in the environment surrounding the tube. 87 
Considering that the total pressure of a gas mixture is given by the summation of 88 
individual partial pressures, temporal variations in Pt can be obtained from the sum of 89 
variations in individual Pi(t) values; i.e., from the sum of n equations such as Equation (2). For 90 
a bicomponent system consisting of a mixture of Gas 1 and Gas 2, temporal variations in Pt can 91 
be described as 92 
 93 
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Assuming that at initial state the value of Pt inside the tube is equal to the pressure in the 96 
surrounding atmosphere (Patm), we have Pin1 + Pin2 = Patm and Pa2 + Pa1 = Patm. Equation (3) 97 
then becomes 98 
 99 
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 101 
If Pa2 ≠ Pin2, then Pt(t) changes with time until Pa2 = Pin2; Figure 1 shows theoretical 102 
curves of temporal variations in Pt, as calculated using Equation (4) and considering four values 103 
of  22 ina PP  . The upper part of the figure considers Kp1 < Kp2; in this condition, gas 2 is able 104 
to permeate inside the tube faster than is gas 1, resulting in an increase in Pt. In contrast, for Kp1 105 
> Kp2 (lower part of the figure) we observe a decrease in Pt. Nevertheless, in both cases the rate 106 
of variation in Pt is initially proportional to  22 ina PP  . The relationship between the rate of Pt 107 
variation and  22 ina PP   is given by the first derivative of Equation (4) at t = 0: 108 
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 111 
Equation (5) can be used to compute the gas partial pressure based on measurements of 112 
temporal variations in Pt within a polymeric tube, provided we know the geometric 113 
characteristics of the system A/Vh and the Kp values of the involved gases. The geometric 114 
features can be measured directly, and the Kp values of many gases for the most common 115 
membranes are reported in the literature. Otherwise, the term A/Vh(Kp2-Kp1) can be determined 116 
experimentally by calculating [(Pt/t)t=0]
 
for different  22 ina PP   values and computing the 117 
angular coefficient of the straight line fitting the obtained values. The values of gas 118 
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concentration are easily obtained from the computed partial pressure (Pa) and the total pressure 119 
of the environment (PT), in agreement with Dalton’s Law: Pa /PT = Xi, where Xi is the molar 120 
fraction. 121 
To verify the validity of the proposed methodology, we undertook a case study and 122 
performed numerous experiments. In the case study, a polymeric membrane tube was filled 123 
with atmospheric gases; the external atmosphere consisted of atmospheric gases (O2 and N2 124 
have a constant ratio afterwards they can be considered as a single gases, Gas 1)  and CO2 (Gas 2). 125 
We selected this example because the measurement of CO2 concentrations in the atmosphere 126 
has many scientific implications; e.g.: volcano surveillance, studies of gas hazards and 127 
greenhouse gases [Aiuppa et al., 2008; Zhang et al., 2008]. 128 
In the experiments, we used a polytetrafluroethylene (PTFE) membrane because the Kp 129 
value of CO2 (KpCO2=28 Barrer [De Gregorio et al., 2005]) for this membrane is an order of 130 
magnitude greater than that of atmospheric gases (KpN2=4 Barrer KpO2=7 Barrer [De Gregorio 131 
et al., 2005]), thereby ensuring a detectable transient pressure. Further, the PTFE has a good 132 
stiffness and can bear pressure variation without significantly deformation. 133 
All the tests were performed in a steel cylinder within which it was possible to create a 134 
controlled atmosphere (Figure 2). Inside the cylinder, the PTFE tube (5 m long and with wall 135 
thickness of 0.0003 m) was connected to two capillaries located on the cylinder’s plug. To the 136 
external part of the capillaries was connected a closed circuit, with pressure transducers 137 
(Freescale MPX2100AP with 12V DC supply), a pump, and two electrovalves. Prior to each 138 
test, the tube was filled with air at atmospheric pressure, during which time the pump was 139 
operated for 2 minutes with the two electrovalves open; the valves were then closed and the 140 
measurements begun. The sampling sequence was automated using a tailor-made electronic 141 
device. Total pressure (Pt) inside the PTFE tube was measured to an accuracy of ± 0.0001 atm. 142 
The cylinder was provided of additional pressure transducer for measuring the total pressure 143 
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inside it (Figure 2). For all test, samples of gas were collected from the cylinder by the 144 
sampling valve (Figure 2), using a syringe, three-way stopcock and a sample holder. The 145 
samples were introduced to a gas chromatograph (GC) Perkin - Elmer Clarus 500, equipped 146 
with column Packed 60/80 Carboxen 1000, hot wire and flame ionization detectors; Ar was the 147 
carrier gas, the analysis had a precision of ± 3%. The equilibrium partial pressure (Pa) values 148 
were obtained by multiplying the concentrations measured with the GC by the mean values of 149 
pressure recorded inside the cylinder. Experiments were performed for eight different CO2 150 
partial pressures (Pa), 10 series for each. In each series, Pt inside the PTFE tube was measured 151 
at 30-second intervals over 10 minutes. The series were repeated every 3 hours to ensure the 152 
being of no perturbation conditions. During the series no relevant pressure variations were 153 
recorded inside the cylinder. 154 
As an example, Figure 3 shows a series for each CO2 partial pressure (the data of all the 155 
series are reported in supplementary material), as predicted by the model, the slopes of the 156 
initial parts of the curves are proportional to CO2 partial pressure. The slopes of the curves at 157 
t=0 are given by the angular coefficients of the tangents to the curves i.e. [(Pt/t)t=0], these 158 
values can be used, according to equation (5), to calculate CO2 partial pressures. The value of 159 
[(Pt/t)t=0]
 
can be obtained fitting a function to experimental data and computing its first 160 
derivative a t=0. The CO2 concentrations can be easily obtained according to Dalton’s Law by 161 
measurements of the total pressure. 162 
Among the diverse functions available for fitting the experimental data, we chose a five-163 
degree polynomial function, because it fitted to the data very well (Figure 3) and  allowed us a 164 
fast computation of the value of [(Pt/t)t=0], given that, it is the first-degree term of the 165 
polynomial function. The computed values for every series are listed in Table 1, along with 166 
statistical parameters. As expected, the value of [(Pt/t)t=0]
 
increases with increasing CO2 167 
within the cylinder. The mean value varies from 1.21·10
5
 atm sec
-1
 for the series with the 168 
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lowest partial pressure of CO2 (0.032 atm) to 36.78·10
5
 atm sec
-1
 for the series with the highest 169 
(0.89 atm). The methodology yields reproducible results (uncertainty between 0.07·10
5
 and 170 
0.26·10
5 
atm sec
-1) and has good precision (≤ 6%). The precision decreases with decreasing 171 
CO2 partial pressure, as the precision of pressure measurements decreases with a reduction in 172 
the pressure transient. 173 
To test the validity of Equation (5), the mean values of [(Pt/t)t=0]
 
for each set of 174 
experiments were plotted versus the relative partial pressures inside the cylinder (Figure 4). The 175 
data points define a linear trend, consistent with theoretical predictions. The obtained straight 176 
line can be used as calibration line, the angular coefficient of the straight line can be multiply 177 
by the values of [(Pt/t)t=0] for getting the CO2 partial pressure values. 178 
 179 
4. Concluding Remarks 180 
We presented a simple methodology for measuring gas concentrations using a pressure 181 
transducer and a closed polymeric tube. We outlined the theoretical basis of the methodology, 182 
and performed experimental tests, using a tailor-made device, that demonstrated the validity of 183 
the proposed model. The tests also revealed the device’s ability to measure a wide range of CO2 184 
partial pressures (0.032–0.89 atm) with good precision (< 6%). Under certain conditions, the 185 
device can be used for both single measurements and continuous monitoring in the field. The 186 
necessary conditions for such use are as follows: (i) a binary system consisting of monitored 187 
gases and a matrix of constant composition (e.g., air); (ii) if the matrix gases are not constant, 188 
the other species must have Kp values markedly different from those of the considered gases. In 189 
environments with characteristics highly similar to those discussed above and with conditions 190 
that are potentially damaging to existing instruments, the proposed device could represent a 191 
useful alternative for measuring CO2 partial pressure. In our device, in fact, the gases are not 192 
required to be introduced into the sensor, and the electronic components (electrovalves, pump, 193 
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and pressure transducer) can be housed in a watertight box. In addition, the PTFE is very 194 
resistant to acid gases. A common natural example of such an environment is soil, especially 195 
soil located close to a fumarole field. Such areas occur at volcanoes throughout the world, and 196 
are characterized by the presence of acid species, vapour flux, and a soil gaseous component 197 
dominated by CO2 and atmospheric gases, resulting from the condensation of fluids discharged 198 
by the fumaroles [Chiodini et al., 1996]. 199 
As a proof of concept this study shows that the proposed method can be used to measure 200 
the concentration of CO2 under the conditions outlined above. The variety of polymeric 201 
materials available (e.g., polyetilene, polypropylene, PDMS), and the different properties of 202 
gasses within them provide the potential for this method to be used in other systems apart from 203 
the air/CO2 system tested here. 204 
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Figure captions 254 
Figure 1. Theoretical curves of temporal variations in Pt within a polymeric tube for four 255 
different values of  22 ina PP  . The values (in atm) are listed next to each curve. For 256 
the upper part of the graph, where Kp1 < Kp2, gas 2 permeates into the polymeric tube 257 
at a higher rate than does gas 1, resulting in a positive Pt pressure. For the lower part 258 
of the graph, where Kp1 > Kp2, a negative Pt transient is recorded. The most 259 
important result is that in both cases the Pt transient is proportional to  22 ina PP  .  260 
 261 
Figure 2. Sketch of the experimental apparatus used in the tests. The PTFE tube is connected to 262 
two stainless-steel capillaries emerging from the top of the cylinder plug, where they 263 
are connected to a pump and two electrovalves. 264 
 265 
Figure 3. Examples of temporal variations in experimental Pt values at eight different CO2 266 
partial pressures. The total pressure values are normalized to a starting pressure of 1 267 
atm. The solid lines are the fitted five-degree polynomial functions.  268 
 269 
Figure 4. Mean computed values of [(Pt/t)t=0] versus measured CO2 partial pressures. The 270 
error bars for [(Pt/t)t=0] lie within the size of the symbols. The data points define a 271 
linear trend, as predicted by theoretical equations. 272 
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Table 1. Values of [(Pt/t)t=0]
a
 for every series and statistical parameters 
 
 
 
 
 
 
a
The original values (atm sec-1) were multiplied by 105 for presentation in the table.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CO2 Partial 
pressure (atm) 
0.032 0.10 0.24 0.33 0.53 0.60 0.76 0.89 
Series         
1 1.31 3.74 9.40 13.59 21.30 24.01 30.63 36.55 
2 1.18 3.70 9.35 13.22 21.18 24.29 30.44 36.97 
3 1.24 3.97 9.34 13.59 20.82 24.09 30.13 36.63 
4 1.19 3.67 9.11 14.12 20.79 24.10 30.24 37.00 
5 1.12 3.88 9.01 13.36 21.04 24.00 30.34 36.99 
6 1.20 3.81 8.75 13.38 20.90 23.79 30.03 36.93 
7 1.22 3.52 9.43 13.43 20.86 24.45 29.92 36.78 
8 1.30 3.66 9.56 13.41 20.97 24.05 30.07 36.41 
9 1.28 3.77 9.27 13.41 20.75 24.01 30.20 36.73 
10 1.10 3.88 9.15 13.25 20.71 23.75 30.33 36.83 
Mean value
a
 1.21 3.76 9.24 13.48 20.93 24.05 30.23 36.78 
Uncertainty
a
 0.07 0.13 0.24 0.26 0.20 0.21 0.22 0.20 
Precision (%) 5.9 3.5 2.6 1.9 1.0 0.9 0.7 0.6 
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